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storage at the end of the wet season was closely (and nega-
tively) related to the number of active fires observed during
the following dry season (Figure 2). Reduced access to soil
moisture during the dry season likely increases drought
stress in tropical forests and reduces canopy evapotranspira-
tion [Jipp et al., 1998], thus lowering latent heat fluxes
and atmospheric water vapor. Observations from AIRS
and MODIS (Figure 6a), as well as NCEP reanalysis data
(Figure 6b) confirmed that atmospheric water vapor was
indeed lower during the dry season for years that had water
storage deficits in preceding months. The timing of these
water vapor anomalies was consistent with canopy conduc-
tance and tree transpiration during the dry season becoming
progressively limited by anomalously low levels of soil
moisture. The below average water vapor levels observed
during high fire years were not likely due to the changes in
surface air temperature, since there was no clear difference
in surface air temperature measured by AIRS between high
and low fire years during the middle of the fire season
(Figure 6b) or by the NCEP reanalysis surface air tempera-
ture product (data not shown). Although increases in sensi-
ble heat fluxes from stomatal closure would be expected
during drought years [Lee et al., 2005], the impacts of these
changes on air temperatures may have been offset by large,
basin-wide increases in fire-emitted organic carbon and
black carbon aerosols (data not shown) that, in general,

reduce surface net shortwave radiation (Figure 6b) and
cause surface cooling [Tosca et al., 2010]. While lower at-
mospheric humidity levels would be expected to dry fuels
and create atmospheric conditions more favorable for fire
spread [Asner and Alencar, 2010], this is not the only
pathway by which water storage deficits could have poten-
tially modified fire behavior. It is also possible that trees
experiencing drought stress also reduced their leaf area,
and that the ensuing litterfall flux increased fuel loads on
the forest floor [Brando et al., 2008].
[23] Fire season severity in the southern Amazon was

found to be most sensitive to terrestrial water storage during
April–August, several months before the peak fire season.
These lead times suggest that terrestrial water storage
observations from GRACE may be useful in forecasting the
fire season severity for several different large-scale regions
within the Amazon. GRACE observations are complementary
to the prediction method using SSTs over Pacific and Atlantic
[Chen et al., 2011] that have longer lead times. In comparison
to SSTs, terrestrial water storage contains more localized and
direct information about soil water availability that influences
transpiration and ultimately regional atmospheric moisture.
During April–August, improvements in fire forecasts using
Ocean Niño Index and Atlantic Multidecadal Oscillation
index temperature data are minimal (Figure S1 in Chen
et al. [2011]), whereas the use of terrestrial water storage data
may enable additional adjustments to forecasts during these
months (Figure 5).
[24] A cascade of processes within the ocean-fire tele-

connection (Figure 7), including variations in terrestrial
water storage, likely explain some of the positive correla-
tions and associated time delays between sea surface
temperatures and forest fires in South America identified
in earlier work [Chen et al., 2011; Fernandes et al., 2011].
The importance of Ocean Niño Index and Atlantic Multi-
decadal Oscillation index in regulating precipitation in
southern Amazon is corroborated by our analysis which
also showed that the time delays between SSTs and precip-
itation (due to changes in atmospheric circulation) were
small. The precipitation deficits caused, counter intuitively,
increases in evapotranspiration during the wet season,
because soil moisture levels at this time were relatively
high and evapotranspiration appeared to be more directly
controlled by air temperatures and surface solar radiation
(Figure 6b) [e.g., Jin et al., 2011]. However, the combined
effect of changes in precipitation and evapotranspiration
also led to incomplete soil water recharge and, conse-
quently, had significant impacts on fires several months
later when evapotranspiration became increasingly limited
by soil moisture.
[25] An important direction for future research is to inves-

tigate whether Earth System Models (ESMs) can simulate
the cascade of processes that occur during Amazon drought
events as documented in Figures 6 and 7. Specifically, can
the models reproduce the magnitude and variability of
terrestrial water storage anomalies observed here, in response
to observed time series of SSTs? Further, are water storage
anomalies of this magnitude large enough to modify regional
surface moisture levels and fire weather in ESMs in ways that
are consistent with the satellite and reanalysis observations?
Important and relatively untested elements of this chain for
most ESMs include the response of canopy evapotranspiration

Jan

Feb

M
ar O

ct

Nov

Dec

Jun

May

A
pr

S
ep

Aug

Jul

Figure 7. In the Amazon, a cascade of processes in the
months leading up to the fire season enables predictions
of fire season severity using sea surface temperatures with
4–11 month lead times. Important processes in the chain
are represented by circles. The time period over which each
process/variable is active in contributing to the predictive
chain (indicated in shaded areas in Figure 6a and Figure S2)
is shown by the length of its arc. Up and down arrows indicate
the direction of the response (an increase or decrease) in
response to warmer sea surface temperatures. The red colors
in the outmost circle represent the seasonal variation of
terrestrial water storage observed by GRACE, with darker
color indicating higher terrestrial water storage.
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